Introduction teins such as E12 and E47. The function of tissue-specific bHLH proteins is blocked by Id (inhibitor of DNA Compared to neurons, little is known about the intrabinding) proteins that are structurally similar to bHLH cellular mechanisms that control glial development.
proteins except that they lack the basic DNA binding Whereas many of the genes that control vertebrate neusequence (Benezra et al., 1990) . Ids block differentiation ronal development have been identified in genetic analyin diverse cell types, including neural cells, by acting ses of invertebrate model systems, the genes that conas dominant-negative blockers of the function of bHLH trol vertebrate glial development so far appear poorly proteins. Id proteins bind to class A bHLH proteins, conserved, if at all, and thus we still know relatively little preventing their dimerization with class B bHLH proteins about them (Granderath and Klambt, 1999). We have and activation of gene transcription (Norton, 2000) . Id been focusing on the development of oligodendrocytes proteins are ideal candidates to help couple proliferation in the rat optic nerve. How do developing oligodendroto differentiation, as in many cell types they are upregucytes know when to divide and when to differentiate? lated by mitogens and help to promote proliferation as As is the case for myoblasts (Gu et al., 1993) , there is well as to inhibit differentiation by interacting with Rb an obligate relationship between proliferation and differand other bHLH proteins responsible for differentiation. entiation in the oligodendrocyte lineage (Temple and
In the present study, we have taken advantage of Raff, 1986; Barres and Raff, 1994) . Dividing oligodendroour ability to highly purify and culture oligodendrocyte cyte precursor cells (OPCs) cannot myelinate; myelinatprecursor cells (OPCs) to begin to examine whether they express HLH proteins that help to control their development. We show that OPCs express Mash1 and Id2 mRNA § To whom correspondence should be addressed (e-mail: barres@ stanford.edu).
and protein. We show that both the ability of oligoden- To identify the Mash1-expressing cell type, we pertheir levels might increase or decrease over time or successive divisions in culture. We therefore investiformed double immunostaining on acutely isolated optic nerve cells (see Experimental Procedures). OPCs were gated whether the levels of Mash1 or Id2 immunmoreactivity in OPCs changed during 7 days of culture. We labeled using an NG2 rabbit antiserum (Levine and Nishiyama, 1996), astrocytes were labeled using a GFAP rabpurified OPCs from P1 optic nerves, cultured them at clonal density, and then stained them after 1, 3, and 7 bit antiserum, and oligodendrocytes were labeled using a proteolipid protein (PLP) antiserum (see Experimental days of culture in serum-free medium containing survival factors and mitogens but lacking thyroid hormone. At Procedures). At P4, greater than 95% of NG-2-positive cells were Mash1 positive ( Figures 1G and 1J) , a comall three of these time points, bright Mash1 and Id2 immunoreactivity was present in nearly all of the OPCs monly used marker for OPCs. None of the GFAP-positive type-1 astrocytes ( Figures 1E and 1H) (Figure 3 ). In contrast, however, 96% Ϯ 3% of OPCs had rapidly lost Mash1 expression after only 1 day of of this antibody for Id2 was confirmed by Western blotting (data not shown). As expected, the majority of cells culture. (Figure 3) . Thus, T3 has no effect on Id2 levels but strongly regulates Mash1 levels negatively. in cryosections prepared from developing optic nerves 
Although oligodendrocytes within the optic nerve and
Effects of Oligodendrocyte Differentiation on Mash1 and Id2 Expression and Localization immediately after isolation did not express Mash1 immunoreactivity, we noticed that in culture nearly all oligoWe next investigated whether Id2 or Mash1 expression or localization is altered when OPCs differentiate into dendrocytes, but not astrocytes or meningeal cells, expressed bright nuclear Mash1 immunoreactivity. This oligodendrocytes. We purified OPCs from P1 rat optic nerves and cultured them in serum-free medium, lacking expression of Mash1 in cultured oligodendrocytes was also dependent upon thyroid hormone and was obthyroid hormone, but containing survival factors and mitogens to stimulate proliferation (see Experimental served only in the absence of T3. Procedures). In some cultures, we removed the mitogen PDGF to trigger oligodendrocyte differentiation. Four days after removal of PDGF, nearly all of the OPCs had differentiated into GC-positive, highly process-bearing oligodendrocytes, as expected. The OPC cultures (which still contained PDGF) and the oligodendrocyte cultures (which lacked PDGF) were stained using the Mash1 monoclonal antibody. Nearly all of the OPCs (Figure 4A) as well as the oligodendrocytes ( Figure 4B ) were Mash1 positive. Both in OPCs and oligodendrocytes, Mash1 was localized to the nucleus. Thus, despite the continued presence of nuclear Mash1, oligodendrocyte differentiation occurred normally.
In contrast, when we stained OPC and oligodendrocyte cultures prepared identically to those described above, we found that the majority of OPCs and oligodendrocytes were Id2 positive ( Figures 4C and 4D ). However, the localization of the Id2 immunoreactivity had dramatically changed during differentiation. Id2 was in all cases localized to the nucleus of OPCs ( Figure 4C ) but to the cytoplasm of oligodendrocytes ( Figure 4D ). Id2 nuclear immunoreactivity was never detected in GCpositive oligodendrocytes.
We next investigated whether the translocation of Id2 to the cytoplasm occurs before or after differentiation. If Id2 plays a role in controlling differentiation, it should translocate prior to differentiation, as it can only inhibit differentiation by binding to bHLH proteins in the nucleus where they regulate gene expression. We measured the time course of Id2 translocation by staining the purified OPC cultures at various time points after oligodendrocyte differentiation was triggered by removal of PDGF from the culture medium. In the same cultures, we followed the appearance of oligodendrocytes by staining with an anti-galactocerebroside (GC) monoclonal antibody. As shown in Figure 4E , we found that by 48 hr after removal of PDGF, Id2 had translocated to the cytoplasm in 90% of the OPCs, but little oligodendrocyte differentiation had occurred until after another 2 days of culture. These observations show that the translocation of Id2 out of the nucleus precedes differentiation by about 2 days, which is consistent with the possibility that Id2 plays a role in controlling the timing or ability of OPCs to differentiate into oligodendrocytes.
Effect of Id2 Overexpression on Differentiation of Oligodendrocyte Precursor Cells
To directly determine whether Id2 can inhibit oligoden- 
E2A protein-mediated nuclear translocation system
Translocation of Id2 from the nucleus to the cytoplasm occurred 48 hr prior to morphological and antigenically detected signs of (Deed et al., 1996) . We cultured the test and control cells differentiate into oligodendrocytes. After 3 days of culture, most of the OPCs that had been transfected with the control vector and were expressing GFP had differentiated into process-bearing GC-positive oligodendro-negative ( Figures 5B and 5D ). Although Id2 overexpression blocked their ability to differentiate into postmitotic oligodendrocytes, it did not stimulate them to divide in the absence of mitogen based on BrdU incorporation and on average clone size. Interestingly, however, Id2 overexpression did significantly increase the rate of proliferation in response to PDGF by nearly 50% (data not shown). Over 3 days of culture, nearly 70% of the control OPCs differentiated into oligodendrocytes, whereas only about 5% of OPCs overexpressing Id2 were able to differentiate, as judged by acquisition of GC immunoreactivity ( Figure 5E ). These data demonstrate that Id2 overexpression blocks the differentiation of OPCs and does so without stimulating their proliferation.
Effects of Mash1 and Id2 Deficiency on OPC Proliferation and Differentiation
Our findings that Id2 is present in the nucleus of OPCs but translocates to the cytoplasm prior to differentiation, and that Id2 overexpression blocks OPC differentiation, suggested that Id2 might normally control oligodendrocyte differentiation. To test this possibility directly, we examined the behavior of OPCs isolated from transgenic mice that lack Id2 (Yokota et al., 1999). Because of the postnatal lethality of these mice, we could not assess whether oligodendrocyte development and myelination was altered in adult mice. However, Id2 is clearly not necessary for the generation of oligodendrocyte lineage cells, as many OPCs had developed by P5 based on immunostaining of cryosections of Id2 Ϫ/Ϫ brains with specific markers (data not shown).
To more carefully analyze the effects of Id2 on oligodendrocyte development, we purified OPCs from P5 wild-type and mutant mouse brains. The yields of OPCs isolated from the Id2 Ϫ/Ϫ mice tended to be slightly lower by about 10%, approximately consistent with the slightly decreased size of these mice. We compared the ability of the purified OPCs to differentiate into oligodendrocytes in serum-free medium containing T3 in the absence of the mitogen PDGF. Over 90% of the purified OPCs isolated from wild-type mice Id2 ϩ/ϩ and from homozygous Id2 Ϫ/Ϫ became GC-positive oligodendrocytes, with the typical highly process-bearing morphology of oligodendrocytes, within 3 days of culture ( Figure  6E ). We next examined whether the T3-dependent ability of oligodendrocytes to withdraw from the cell cycle and entiation by Id2 Ϫ/Ϫ OPCs; typically, the percentage of oligodendrocyte clones was increased by 20% after 4-6 days of culture. In contrast, Mash1 deficiency did not cytes, as expected ( Figures 5A and 5C) . Remarkably, the majority of the cells transfected with the Id2 vector, appreciably alter the rate of differentiation of purified OPCs ( Figures 6A and 6B) . These results show that Id2 which were easily identified by expression of GFP vectors, failed to differentiate. These cells retained the typiis not necessary for OPCs to differentiate into oligodendrocytes but that it normally acts to slow the rate of cal simple bipolar morphology of OPCs and were GC oligodendrocyte differentiation in the presence of mitogens and T3.
To find out whether Id2 also regulates the rate of proliferation, we cultured the purified Id2 ϩ/ϩ and Id2 Ϫ/Ϫ OPCs in serum-free medium containing PDGF but not T3. After 6 days, we measured the percentage of cells that were undergoing DNA synthesis by adding BrdU for 4 hr and then measured the percentage of cells that had incorporated BrdU by immunostaining. Id2 Ϫ/Ϫ OPCs had a significant decrease in BrdU incorporation compared to wild-type cells ( Figure 6G) . In addition, when we cultured the cells at clonal density under the same conditions for 6 days, the average size of clones was decreased by more than half in the absence of Id2 (Figure 6H) . In contrast, Mash1 deficiency did not affect the rate of proliferation of purified OPCs in response to PDGF (Figures 6C and 6D) .
This decrease in proliferation and clone size in the absence of Id2 was not accounted for by a decrease in the survival of oligodendrocyte lineage cells. After 6 days of OPC culture at clonal density in serum-free medium containing PDGF and T3, dead cells accounted for 25% Ϯ 2% of the ϩ/ϩ cells and 28% Ϯ 1% of the Ϫ/Ϫ cells. Similarly, in medium containing PDGF but no T3, dead cells accounted for 23% Ϯ 2% of the ϩ/ϩ cells and 26% Ϯ 3% of the Ϫ/Ϫ cells. Thus, the deficiency of Id2 did not significantly increase cell death. In summary, these findings show that Id2 is not necessary for OPC survival, proliferation, or differentiation. Endogenous levels of Id2 normally act to enhance the rate of proliferation in response to mitogens and to slow the rate of OPC differentiation, thereby preventing premature differentiation. 
Discussion

Developing Oligodendrocytes Express Helix-Loop-Helix Proteins
mice (E-H). They were cultured in serum-free medium in the absence of PDGF and T3 for 3 days (A and E) or for 6 days in the presence of PDGF (B-D and F-H) with T3 (B and F) or at clonal density without T3 (C, proliferation (C and D) of OPCs with or without Mash1. However, in D, G, and H). (A, B, E, and F)
The cultures were stained with a mouse the absence of mitogens, OPCs were able to differentiate normally anti-GC antibody, followed by a FITC-conjugated anti-mouse IgG in the absence of Id2 (E), but in the presence of mitogen they differantibody. (C and G) BrdU incorporation was measured by incubating entiated significantly faster than did wild type OPCs (F). OPCs lackthe cultures in 10 m BrdU for 4 hr, followed by BrdU immunostaining Id2 also synthesized DNA at a slower rate (G) and divided signifiing. There was no change in the rate of differentiation (A and B) lation. These findings demonstrate that Id2 normally ate normally and that the timing of their differentiation plays a role in the timing mechanism that regulates oligoin response to thyroid hormone was normal. These finddendrocyte development by enhancing the rate of prolifings do not support a role for Mash1 in oligodendrocyte eration and by slowing the rate of differentiation. development. 
Why does Id2 translocate out of the nucleus into the
Construction of a Directional Lambda Phage Oligodendrocyte Library and Isolation of HLH Proteins
Immunofluorescence Staining for Primary Cultures and Optic Nerve Sections Messenger RNA was extracted from highly purified differentiating oligodendrocytes. Double-stranded cDNAs were made using After fixation with 4% paraformaldehyde for 10 min at room temperature, cells were incubated for 30 min in a 50% goat serum solution GIBCO Superscript II cDNA Construction Kit and ligated into Not I-Sal I phage arms. The recombinant phages were packed and delivcontaining 1% BSA and 100 mM l-lysine to block nonspecific binding and Triton 0.4% to permeabilize the membrane. In order to stain ered into proper host cells (Stratagene GigPak Gold II system).
For PCR screening, degenerate primers were made according the surface antigens of optic nerve glial cells, cells were incubated in monoclonal A2B5 antibody, anti-GC antibody, or anti-GFAP, folto known bHLH sequences. mRNA extracted from differentiating oligodendrocytes was reverse transcribed into cDNA and used as lowed by fluorescein-coupled goat anti-mouse IgG (Jackson, 10 g/ ml), or cells were incubated with polyclonal anti-NG2, CC-1, or antitemplate for polymerase chain reaction. After gel electrophoresis, bands with proper size were cut out and subcloned into TA vector GFAP antibodies, followed by fluorescein-coupled goat anti-rabbit IgG (Jackson, 10 g/ml). The coverslips or slides were mounted in (Invitrogen). PCR products were then sequenced and compared with known bHLH proteins for similarity through Blast search. The Citifluor on glass slides, sealed with nail varnish, and examined in a Zeiss Axioskope fluorescence microscope. In order to stain Mash1, candidate clones were radiolabeled as probes to confirm their expression on Northern blot and also to obtain full-length cDNAs from cells were incubated in monoclonal anti-Mash1 antibody (a generous gift from Dr. David Anderson), followed by biotinylated goat the oligodendrocyte library. The identity of the full-length clones was then determined by sequencing. For oligonucleotide screening, anti-mouse IgG (Vector, 10 g/ml). The nuclear staining was visualized with fluorescein-conjugated Streptavidin (Vector, 10 g/ml). degenerate oligo was end radiolabeled and used as probe to screen
